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Sonic hedgehogSonic hedgehog (Shh) signaling regulates cell differentiation and proliferation during brain development.
However, the role of Shh in neurogenesis during late gestation (embryonic day 13.5–18.5) remains unclear.
Herein, we used a genetic approach and in utero electroporation to investigate the role of mouse Shh and
patched homolog 1 (Ptch1), the putative receptor for Shh. Proliferating cortical intermediate (basal)
progenitor cells (IPCs) were severely reduced in Shhmutant mice, suggesting that endogenous Shh signaling
could play an essential role in cortical IPC development. During cortical neurogenesis, strong upregulation of
Shh signaling enhanced the transition from ventricular zone (VZ) progenitors to ventralized IPCs, while low
levels of signaling enhanced the generation and proliferation of cortical IPCs in the subventricular zone. The
effects of Shh upregulation in this study were consistent with a phenotype of conditional loss of function of
Ptch1, and the phenotype of a hypomorphic allele of Ptch1, respectively. These data indicated that endogenous
Ptch1 mediates the broad effects of Shh on the transition from VZ progenitors to IPCs and activation of
proliferation of the IPCs in the cortex during late gestational stages.Systems, Doshisha University,
n. Fax: +81 774 73 1903.
otoyama).
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Holoprosencephaly (HPE) is a common brain defect in human.
Children diagnosed with mild HPE often show a small head
(microcephaly) with variable degrees of mental retardation and
epilepsy. Mutations in the human sonic hedgehog homolog (SHH)
gene are the most frequent cause of autosomal-dominant inherited
HPE (Belloni et al., 1996; Roessler et al., 1996), although the pathology
underlying the microcephaly is not yet fully understood. The SHH
gene encodes a secreted signaling protein belonging to the hedgehog
(Hh) family, and Shh mutant mice have contributed to our under-
standing of the midline defects in HPE pathogenesis (Aoto et al., 2008,
2009; Chiang et al., 1996; Marti et al., 1995a; Roelink et al., 1995).
Further investigations into the role of Shh signaling in the developing
telencephalonmay therefore provide insights into the pathogenesis of
microcephaly.
Shh has been implicated in the development of CNS throughout
the early gestational stages and postnatal stages. Around embryonic
day (E) 8.0–8.5, Shh is essential for ventral cell speciﬁcation such asthe ﬂoor plate and motor neurons in the spinal cord (Chiang et al.,
1996; Marti et al., 1995a; Roelink et al., 1995). In the developing
telencephalon around E10–13.5, Shh expressed in the medial
ganglionic eminence (MGE) directs development of inhibitory
neurons (Xu et al., 2005). The neural progenitors in the telencephalon
can differentiate into inhibitory neuronal progenitors expressing Dlx2
in response to Shh signals by E13.5 in vitro (Kohtz et al., 1998, 2001).
Shh has been also implicated in the proliferation of neural
progenitors, with viral-mediated administration of Shh protein into
the telencephalon from E8.5 and E9.5 inducing overgrowth of the
telencephalon (Rallu et al., 2002). Upregulated Shh signaling in the
dorsal spinal cord at E10.5 results in increased proliferation of
undifferentiated neural progenitors (Rowitch et al., 1999). Shh
protein also activates the proliferation of neural progenitors isolated
from E17.5, P3, and adult brain in vitro (Dahmane et al., 2001; Gulacsi
and Lillien, 2003; Palma and Ruiz i Altaba, 2004; Wechsler-Reya and
Scott, 1999). Together, these observations indicate that Shh is
essential for various neural progenitor processes during prenatal
and postnatal brain development.
Consistent with the role of Shh in brain development, patched
homolog 1 (Ptch1), the putative receptor for Shh protein, seems
essential for the development of neural progenitors. Ptch1−/−
embryos around E8.0-9.5 show extensive differentiation of neural
148 Y. Shikata et al. / Developmental Biology 349 (2011) 147–159progenitors into ﬂoor plate cells, motor neurons, and V3 interneurons,
with all cells intermingling, suggesting a role for Ptch1 in the
inhibition of ventral speciﬁcation (Goodrich et al., 1997; Motoyama
et al., 2003). In contrast to the ventralized neural plate in Ptch1−/−
embryos, broad overexpression of Ptch1 gene in wild-type embryos
causes a major decrease in body size (Milenkovic et al., 1999).
Overexpression of Ptch1 gene at high level in the developing spinal
cord results in excessive apoptosis (Thibert et al., 2003). These
ﬁndings suggest that Ptch1 function is involved in the development of
neural progenitors.
During late gestation stage from E13.5 to E18.5, progenitor
numbers in the ventricular zone (VZ) expand by self-renewal while
also generating intermediate progenitor cells (IPCs). Impaired pro-
liferation of the VZ progenitors, their transition to IPCs or proliferation
of IPCs in SVZ may underlie the pathogenesis of microcephaly via
abnormal Shh signaling. However, the role of Shh and Ptch1 in the
developing telencephalon at the late gestational stages remains
unclear, because a moderate phenotype was observed with condi-
tional inactivation of the Shh and Smo genes (Machold et al., 2003;
Komada et al., 2008). The present study therefore focused on the
functions of Shh and Ptch1 in the cortex and lateral ganglionic
eminence (LGE) at the late gestational stage of E13.5 to E18.5. We
evaluated the input of Shh signaling by identifying Hh-responsive
cells in the telencephalon using Gli1-CreERT2 mice (Ahn and Joyner,
2005), and then investigated the role of Shh using Shh−/− and Shh;
Gli3 double mutant mice. We further assessed the effect of
upregulated Shh signaling on neurogenesis from E13.5 to E15.5
in vivo by using in utero electroporation. Finally, we examined the
function of Ptch1 using conditional mutagenesis and Ptch1 mutant
mice with a hypomorphic allele.
Materials and methods
Mice
Mice with mutations in Shh (Shhtm1Amc) or Ptch1 (Ptch1tm1Mps,
Ptch1mes and Ptch1lox/lox) were maintained on a CD1 strain (for more
than 10 generations) (Clea Japan) and genotyped as previously
described (Goodrich et al., 1997; Makino et al., 2001; St-Jacques et al.,
1998). The Gli1-CreERT2 (Gli1tm3(cre/ESR1)Alj) mouse line was used to
label the Hh-responsive cells (Ahn and Joyner, 2004, 2005). Combined
heterozygous Ptch1mes/−mutants were generated by mating Ptch1+/−
micewith Ptch1+/mesmice. For the conditional inactivation of Ptch1 gene,
we prepared Ptch1lox/− embryos by mating Ptch1lox/lox mice with
Ptch1+/− mice (Ellis et al., 2003; Goodrich et al., 1997). All animal use
and care accorded with institutional guidelines.
Histology
Ptch1-lacZ expression was detected by X-gal staining, as reported
previously (Ding et al., 1998). Section in situ hybridization using
digoxygenin-labeled RNA probes was also performed as previously
described (Ding et al., 1998) for mouse Dlx2 (Porteus et al., 1991),
GAD67 (Asada et al., 1997), Gli1 (Sasaki et al., 1997), Hes5 (Sasai et al.,Fig. 1. Abnormal Shhmutant telencephalon. (A–D) immunohistochemistry for Ki67 (magenta
at E13.5. Arrowheads indicate mitotic Tbr2+ IPCs localized in the VZ (A), whereas no Tbr2+
shown in (A,B). Dotted lines outline the post-mitotic Tbr2+ IPCs (C,D). (E) the number of
(*; Pb0.001). (F) lessmitotic Tbr2+ IPCs in themutant SVZ (*; Pb0.001). Scale bar: 50 μm in (
telencephalon indicating fewer BrdU+ cells in the SVZ of Shh−/− (H,U) versus that of controls
and SVZ (M,N,V) (Pb0.003). The areas indicated in (G,H,M,N)were used for counting of BrdU+
telencephalon showing approximately 10% more mutant cortical progenitors leaving the cell
exit was detected between wild-type andmutant LGE (O,P,W). (K,L) immunohistochemistry
wild-type Tbr2+ IPCs (K) asmutant IPCs (K,L,X) (Pb0.001). Themitotic Tbr2+ cells were red
mutants (T) was higher than that in the controls (S), while no difference in Mash1 expre
progenitor cell; LGE, lateral ganglionic eminence; SVZ, sub-ventricular zone; VZ, ventricular1992), L-fringe (Ishii et al., 2000), Mash1 (Ohsawa et al., 2005), Nkx2.1
(Shimamura et al., 1995), Ptch1(Goodrich et al., 1996), Pax6 (Grindley
et al., 1995), and Shh (Echelard et al., 1993). Immunohistochemistry
was used to detect BrdU (Becton Dickinson), Ki67 (NOVOCASTRA),
HuC/D (Molecular Probes), PCNA (Santa Cruz), and Tbr2 (Chemicon)
using secondary antibodies coupled to ﬂuorochromes (Jackson
ImmunoResearch Laboratories) or horseradish peroxidase (HRP)
(Vector laboratories). BrdU labeling and detection, as well as HE and
Nissl staining were also performed according to standard procedures.
For double detection of Dlx2mRNA and Tbr2, in situ hybridization was
performed followed by immunohistochemistry for the Tbr2 protein.
Whole-mount immunohistochemistry was used to detect FOXA2 as
described previously (Marti et al., 1995b).
Cell lineage of Hh-responsive tissues
Hh-responsive tissues were identiﬁed as reported previously using
a tamoxifen-inducible Cre recombinase knock-in at the Gli1 locus
(Gli1-CreERT2) (Fig. S1A) (Ahn and Joyner, 2005; Li et al., 2000; Yu
et al., 2009). Pregnant mice were administered 2 mg tamoxifen per
40 g body weight via oral gavage on E11.5, E12.5, and E13.5 to induce
Cre and label the Hh-responsive cells. Mouse embryos at E14.5 were
processed for whole-mount or section X-gal staining (Ahn and Joyner,
2005; Haraguchi et al., 2007; Soriano, 1999).
Quantitative studies of regional growth and cell proliferation
Proliferating cells were co-immunostained with a rabbit polyclon-
al antibody to Ki67 and an anti-BrdU monoclonal antibody, after a
survival of 24 h post-BrdU injection. The labeling indexwas calculated
as the number of BrdU+ cells divided by the number of Ki67+ cells in
a given telencephalic region. The cell cycle exit indexwas calculated at
several stages as the ratio of BrdU+ Ki67-cells (i.e., those that have
left themitotic cycle) compared to the total number of BrdU+ cells. To
examine the development of cortical IPCs, we also calculated the ratio
of BrdU+ Tbr2+ cells compared to the total number of Tbr2+ cells.
Statistical signiﬁcance was analyzed using t-tests. The position of
squares to count BrdU+cells in theVZ and SVZ shown in Figs. 1G,H,M,N
were based on Hes5 and PCNA expression, respectively. To quantify
brain size in the Ptch1mes/− and wild-type mice at E17.5, we measured
the cross-sectional area of telencephalic regions on serial coronal
sections from each embryo. Ten embryos of each genotype were
examined.
In utero electroporation
We subcloned the partial coding region of Shh gene encoding Shh-
Nwithout the cholesterol moiety frommouse cDNA into pGEM-T easy
vectors (Promega), and then transferred the cDNA into pIRES2–EGFP
vectors (Clontech). We then transferred the iresEGFP sequence into
the pCAGGS vector (pCAGGS–ShhN–iresEGFP) (Niwa et al., 1991).
Genes were tranferred into the embryonic telencephalon at E13.5 by
in utero electroporation as previously described (Tabata and Naka-
jima, 2001). Brieﬂy, timed pregnant CD-1 (E13.5) mice were) and Tbr2 (green) in coronal sections of wild-type control (A,C) and Shh−/− cortex (B,D)
IPCs were apparent in the Shh−/− VZ (B). (C,D) high-magniﬁcation images of the insets
Tbr2+ IPCs per 0.06 mm2 in Shh−/− was approximately 65% of that in the wild types
B, D). (G,H,M,N) immunohistochemistry for BrdU+ cells (brown) labeled for 1 h in E15.5
(G, U) (Pb0.005), while more BrdU+ cells were found in themutant LGE in both the VZ
cells. (I,J,O,P) immunohistochemistry for Ki67 (magenta) and BrdU (green) in the E15.5
cycle compared to wild type (I,J,W) (Pb0.002), while no obvious difference in cell cycle
for Tbr2 (green) and Ki67 (magenta) in the E15.5 telencephalon showing twice as many
uced in themutants (Y) (Pb0.05). (Q–T)Dlx2mRNA expression in the LGE at E16.5 in the
ssion was noted between wild type and mutants (Q,R). Ctx, cortex; IPC, intermediate
zone; WT, wild type. Scale; 50 μm in (K).
149Y. Shikata et al. / Developmental Biology 349 (2011) 147–159anesthetized with 100 mg/kg ketamine and 10 mg/kg xylazine. A
solution containing plasmid DNA (5 μg/μl of ires-EGFP or Shh-N ires-
EGFP in Tris-buffered 0.02% Fast Green) was injected through theuterine wall into the lateral ventricle of each embryo. Current pulses
were delivered across the embryonic head using Tweezertrodes
(NEPA GENE). Embryos were kept hydrated, placed back into the
150 Y. Shikata et al. / Developmental Biology 349 (2011) 147–159abdomen of the mother, and then gestation was allowed to proceed
for a further 2 days.
Conditional mutagenesis of Ptch1 gene
Establishment of the conditional Ptch1 mutant mice and produc-
tion and injection of the adenovirus particle containing the cre-
recombinase with CAG promoter (Adex-cre) into the brain vesicle
under in utero surgery were described previously (Ellis et al., 2003;
Hashimoto and Mikoshiba, 2003, 2004).
Neurosphere culture
Cells isolated from embryonic telencephalon were cultured in the
neurosphere assay as described (Chiasson et al., 1999; Reynolds and
Weiss, 1996; Vescovi and Snyder, 1999). Brieﬂy, cells from the cortex
and LGE isolated from embryonic telencephalon were plated at a low
cell density of 50 cells/μl – ensuring clonality of the spheres – in 24-
well (0.5 ml/well) uncoated plates (Nunclon) in sphere-forming
medium containing either 10 ng/ml FGF2 (human recombinant;
Sigma) or 10 ng/ml EGF (mouse submaxillary; Sigma). After a week
in vitro, the number of neurospheres was counted as an in vitro index
of the in vivo neural progenitor cell population. Capacity of the neural
progenitors to self-renew and expand in vitrowas established by ﬁrst
passaging the free-ﬂoating primary neurospheres, then dissociating
the spheres into single cell suspensions at a density of 50 cells/μl, and
ﬁnally reculturing the cells for 1 week to form secondary neuro-
spheres. The activity of tertiary sphere formation was also examined
as described. SpheresN200 μm in diameter and b200 μm in diameter
were reported as mean values±standard error and t-tests were
performed to calculate P values.
Results
Abnormal telencephalon in Shh mutant embryos
To evaluate the effect of Shh on neural progenitors during late
gestational stages, we investigated those cell lineages responsive to
endogenous Hh signaling using an inducible genetic labeling system
(Ahn and Joyner, 2005; Yu et al., 2009). Analysis of LacZ activity at
E14.5 revealed that early onset (E11.5) Hh-responsive cell lineages
develop into the VZ and SVZ proliferating cells in the LGE and MGE
(Figs. S1A-D). Late-onset (E12.5 and E13.5) Hh-responsive lineages
were also observed in the ventral telencephalon (data not shown),
while no contribution of lacZ-expressing cells was observed in the
cortex (data not shown). Consistently, Ptch1-lacZ expression was not
detected in the cortex, butwas present in the LGE andMGE (Figs. S1E,F).
These results suggest that high levels of endogenous Hh signaling affect
only neural progenitors in the LGE and MGE.
To then evaluate the role of endogenous Shh signaling during
cortical development, we observed cortical neural progenitors in the
Shh−/− telencephalon at E13.5. Although relatively normal cortical
layer patterning has been observed previously in Shh−/− telenceph-
alon (Rash and Grove, 2007), defects in neural progenitor develop-
ment have not yet been characterized.We checked the proliferation of
cortical IPCs expressing T-brain gene-2 (Tbr2) protein in the mutant
cortex. Tbr2 is speciﬁcally expressed in IPCs of the developing cortex
and is required for the speciﬁcation of IPCs (Sessa et al., 2008). In the
thicker and smaller cortex of Shh−/− mutants, the total number of
Tbr2-expressing (Tbr2+) cells was signiﬁcantly reduced (Figs. 1A,B,E),
although thedensity of Ki67-expressing (Ki67+)cells per counting area
in the Shh−/− cortex was not signiﬁcantly different from wild-type
cortex (Figs. 1A,B, data not shown). Notably, the mutant VZ showed an
obvious reduction in mitotic Tbr2+ cortical IPCs (Ki67+ Tbr2+ cells)
(Figs. 1A–D,F). These results suggest that VZ progenitors can develop to
Tbr2+ IPCswithout Shh signal inputs. Shh signalmay be involved in theproliferation of Tbr2+ IPCs in SVZ based on the reduced mitotic Tbr2+
IPCs in the mutant cortex.
We further examined the development of IPCs in Shh−/−; Gli3+/−
double mutants, which are useful tools for examining such progenitor
cells in the developing cortex and LGE without Shh inputs, because
removing one copy of the Gli3 gene from Shh−/− embryos partially
rescues the rostroventral structures including cell types in the cortex
and LGE (Rallu et al., 2002; Rash and Grove, 2007). Removing one
copy of the Gli3 gene from the wild-type embryos showed no
abnormality during neurogenesis in the cortex and LGE (Fig. S2).
Although the cortical layer and rostroventral structures were rescued
in Shh−/−;Gli3+/− embryos, the cortex was thinner and wider with
expanded lateral ventricles (Rallu et al., 2002; Rash and Grove, 2007)
(Fig. S3). Consistent with the thinner cortex, the BrdU labeling index
was signiﬁcantly lower in the cortical SVZ of Shh−/−; Gli3+/− embryos
(Figs. 1G,H,U), and the cell cycle exit index in the mutant SVZ was
higher compared to controls (Figs. 1I,J,W). While impaired prolifer-
ation was seen in the SVZ of the double mutant cortex, the VZ was
relatively unaffected (Figs. 1G,H,U). In line with fewer mitotic IPCs in
the Shh−/− SVZ, we also observed fewer Tbr2+ cortical IPCs in the
Shh−/−; Gli3+/− embryos (Figs. 1K,L,X). The number of mitotic Tbr2+
cells was also less in the double mutants (Fig. 1Y). These results
suggest that Shh is required for the proliferation of Tbr2+ IPCs in SVZ.
In the LGE of Shh−/−; Gli3+/− embryos, the labeling index in both
the VZ and SVZwas slightly higher than that in the wild-type embryos
(Figs. 1M,N,V). In addition, the cell cycle exit index of the mutant SVZ
was not affected (Figs. 1O,P,W), and Dlx2 expressionwasmuch higher
than that in the wild-type embryos (Figs. 1S,T), while no obvious
difference was observed forMash1 expression (Figs. 1Q,R). The area of
BrdU+ cells in the Shh−/−; Gli3+/− SVZ overlapped an area of high
density Dlx2+ cells in the mutant telencephalon (Figs. 1N,T),
suggesting that more proliferative Dlx2+ cells in the mutant SVZ.
This ﬁnding appears to be similar to those by Oh and colleagues
(2009) showing that motor neuron progenitors in Shh−/−; Gli3−/−
spinal cord remain proliferative for a longer duration (Oh et al., 2009).
Shh may be involved in the control of the terminal differentiation of
IPCs in the LGE during late gestation.
Dose-dependent actions of Shh on the cortical progenitors at E13.5
Based on the impaired cortical neurogenesis in Shh mutants, we
hypothesized that low levels of endogenous Shh signaling could
modulate the development of cortical IPCs. To test this hypothesis, we
examined the effect of upregulating Shh signaling on cortical
neurogenesis using in utero electroporation.
We introduced an expression vector containing Shh-N cDNA into the
cortical VZ at E13.5 and examined the effect at E15.5. The location and
number of cells expressing Shh-N was monitored by EGFP expression
derived from the introduced vector. One day after electroporation, we
injected BrdU into the pregnant mice to check cell cycle exit and
proliferation.Many of the cells expressing EGFPmigrated from theVZ to
the cortical plate 2 days after electroporation, while some remained
inside the VZ (Figs. 2A– D). We categorized the cortical areas with low,
medium, andhigh transfection efﬁciency of the vector containing Shh-N
cDNA depending on the number of EGFP+ cells, as shown in Figs. 2B–D.
Upregulating the Shh signaling seemed to induce a slightly expanded
and thinner cortex compared to controls in all categories.
The area with high transfection efﬁciency, deﬁned as more than 20
Shh-expressing cells per counting area, showed accelerated ectopic
generation of Dlx2+cells in the SVZ (Fig. 2L). Furthermore, the induced
Dlx2+ cells had a signiﬁcantly lower cell cycle exit index, indicating
that these Dlx2+ cells are highly mitotic (layer II in Figs. 2O,Q,R).
Interestingly, the cortical areas with high transfection efﬁciency
showed more Ki67+ Tbr2+ IPCs (Figs. 2H,N), whereas the total
number of Tbr2+ IPCs was not affected (Fig. 2M). These results suggest
that the ‘high-level’upregulationof Shh-Nactivatesproliferation of both
Fig. 2. Dose-dependent actions of Shh on the cortical progenitors at E13.5. (A) Gene transferwas performed at E13.5 by in utero electroporation of pCAGGS–ShhN–iresEGFP (El. Shh-N) or
pCAGGS–iresEGFP (El. EGFP) as control. BrdU (O–Q; green),Dlx2 (I–L;magenta), EGFP (A–D;white, E–H; blue), Ki67 (E–H, O–Q;magenta) and Tbr2 (E–L; green)weremonitored at E15.5
after injection of BrdU at E14.5. (B–D) Introduced Shh+cellswere counted as the number of EGFP+ cells. The number of Shh+cells per 0.06 mm2was classiﬁed into three categories (the
counting area is shown in I): (B,F,J) ‘the area with low transfection efﬁciency of Shh-N expressing vector’ (less than 10 EGFP+ cells per 0.06 mm2); (C,G,K) ‘the area with the medium
transfection efﬁciency’ (around 20 EGFP+ cells per 0.06 mm2) and (D,H,L) ‘the area with the high transfection efﬁciency’ (more than 20 EGFP+ cells per 0.06 mm2).
Immunohistochemistry for Tbr2 (green) and Ki67 (magenta) in E15.5 telencephalon coronal sections of control (E) and ectopic Shh-N (F,G,H) showing signiﬁcant increases in Tbr2+
IPCs in the SVZ of the telencephalonwith low transfection efﬁciency of Shh-N expressing vector (F,J,M) (Pb0.001). Most of the Tbr2+ cells were Ki67+ (F,N) (Pb0.001). The Tbr2+ IPCs
were also increased in the SVZ of the telencephalon withmedium transfection efﬁciency of Shh-N expressing vector (G,K,M) (Pb0.001). No difference in the Tbr2+ cells was seen by the
high transfection efﬁciency of Shh-N expressing vector (E,H,I,L,M),while their proliferationwas increased (H,N) (Pb0.001). Double detection of Tbr2 protein andDlx2mRNA revealed that
Dlx2+ cells are induced by ectopic Shh-N at ‘medium’ and ‘high level’ (K,L), whereas noDlx2+ cells were induced by ‘low-level’ Shh-N (J). Withmedium transfection efﬁciency of Shh-N
expressing vector, the Dlx2+ cells intermingled with the Tbr2+ IPCs (K). (O–R) the cell cycle exit index was examined by dividing the cortex into four layers I to IV. Consistent with
increasedmitotic Tbr2+cellswith ‘low-level’ ectopic Shh-N (N) (Pb0.001), thepost-mitotic cell number in the SVZ (layer II inpanel O–Q)was reduced by ‘low-level’ Shh-N (R) (Pb0.001).
Most of the ectopically induced Dlx2+ cells were mitotic (Q,R) (Pb0.001). No signiﬁcant difference in the cell cycle exit index of the VZ progenitors was observed between control and
ectopic Shh-N (layer I in pane R). Scale bar: 50 μm in (L,Q).
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Hes5 was observed in the VZ (Figs. S4C,D), suggesting that ‘high-level’
upregulation of Shh-N enhances transition from VZ progenitors to
ventralizedDlx2+ IPCs, which is consistentwith the response to ectopic
Shh at earlier stages (Rallu et al., 2002).
Intriguingly, in cortical areas showing low and moderate trans-
fection efﬁciency, we observed more Tbr2+ IPCs in the SVZ compared
to the control (Figs. 2E,F,G,M). Consistent with the ‘high-level’ ectopic
Shh-N expression, the induced Tbr2+ cortical IPCs were highlymitotic (Figs. 2F,G,N,O,P,R). No Dlx2 expression was observed in the
low-transfection-efﬁciency areas (Fig. 2J), while in the areas with
moderate transfection of the Shh-N vector, we observed both Dlx2+
cells and Tbr2+ IPCs producing an intermingled distribution in the
cortical SVZ (Fig. 2K). The expression of Hes5 in the VZ was not
obviously affected by low or medium levels of ectopic Shh expression
(data not shown). These results suggest that ‘low level’ upregulation
of Shh signal enhances generation and/or proliferation of Tbr2+ IPCs
in SVZ.
152 Y. Shikata et al. / Developmental Biology 349 (2011) 147–159To examine the correlation between the effects of ectopic Shh
protein expression with levels and phenotypic changes in the wild-
type embryos, we checked Gli1 and Ptch1mRNA as an indicator of Shh
signaling activation. In these experiments, we observed that Dlx2
expression was induced not only in the cells close to the Shh-N-
expressing cells, but also in the cells even far from the area of
transfection in the SVZ (Figs. 3C,F). Consistent with the induced Dlx2
expression, the ubiquitous induction of Gli1 and Ptch1 mRNA was
observed in the side of cortex with the transfection of the vector
containing Shh-N cDNA (Figs. 3I,L). These results suggest that Shh-N
protein secreted from the cells with expression vector activates Shh
signaling. In addition, in the area with low transfection efﬁciency, weFig. 3. Induction of Gli1 and Ptch1 mRNA by transfection of Shh-N expressing vector
in utero electroporation of pCAGGS–ShhN–iresEGFP (El. Shh-N) or pCAGGS–iresEGFP (El. EG
Ki67 (A–C; magenta) and Ptch1mRNA (J–L; purple) were monitored at E15.5. (A,C) Introduc
was monitored in the area with quite low transfection efﬁciency of Shh-N expressing vector
and Ptch1 in E15.5 telencephalon coronal sections of control (A,D,G,J) and ectopic Shh-N sho
and Dlx2, Gli1 and Ptch1mRNA expression (C,F,I,L). The area with induced Ki67+ cells, Dlx2,
expressing vector as shown by the insets shown in (F, I, L). In contrast, signiﬁcant increases in
Ptch1 was detected by in situ hybridization (E,K).observed that the upregulated Ki67 and Tbr2 expression (Figs. 2F,J, 3B).
OnlyGli1mRNAwasdetected in the areawith low transfection efﬁciency
(Figs. 3E,H,K). Gli1 expression is a more sensitive readout for low Shh
signaling than Ptch1 and Dlx2 in this system. Further investigation is
required to identify the mechanisms responding to different dosage of
Shh signal during telencephalon development.
Thus, our results conﬁrmed that ‘high-level’ Shh signaling might
induce mitotic ventralized (Dlx2+) IPCs, while also enhancing the
proliferation of cortical (Tbr2+) IPCs. In contrast, ‘low-level’ Shh
upregulationmight enhance the proliferation of cortical (Tbr2+) IPCs.
Of note, these cortical VZ progenitors are competent to respond to
dosage-dependent Shh signaling outcomes during their transition toon the cortical progenitors at E13.5. (A) gene transfer was performed at E13.5 by
FP) as control. Dlx2mRNA (D–F; purple), EGFP (A–C; green), Gli1mRNA (G–I; purple),
ed Shh+ cells and EGFP+ cells were localized in the dorsal cortex. The gene expression
(B) and that with the high transfection efﬁciency (C). In situ hybridization for Dlx2, Gli1,
wing signiﬁcant reduction in Tbr2+ IPCs (data not shown) and increases in Ki67+ cells
Gli1 and Ptch1 expression was much wider than the distribution of the cells with Shh-N
Tbr2+Ki67+ IPCs andGli1 expression was observed (B,H). No upregulation of Dlx2 and
153Y. Shikata et al. / Developmental Biology 349 (2011) 147–159IPCs between E13.5 and E15.5. Together with the reduced number of
mitotic Tbr2+ IPCs seen in the Shh−/−; Gli3+/− and Shh−/−mutants
(Fig. 1), endogenous Shh could therefore play a role in transition from
VZ progenitors to the IPCs and proliferation of IPCs in SVZ.
Ectopic Shh enhances transition from VZ progenitors to the IPCs in the
LGE
In this studyweobserved increasedmitotic cells in the SVZ of Shh−/−;
Gli3+/−mutant LGE (Figs. 1N,V). This ﬁnding suggests that endogenous
Shh may be involved in the transition from VZ progenitors to the Dlx2+
IPCs or terminal differentiation of the IPCs into the post mitotic neurons
in the LGE. Upregulation of Shh signal may affect cell cycle exit index in
the VZ and/or SVZ. To investigate this hypothesis, we introduced the Shh
cDNA into the VZ of the LGE at E13.5 and examined the development of
neural progenitors at E15.5. The proliferating cellswere also labeledwith
BrdU for 24 hours to evaluate the cell cycle exit index for the VZ and SVZ.
Most of the EGFP+ cells were distributed in the SVZ regardless of ectopic
Shh expression (Figs. S5A,B). Fewer BrdU+ cells remained in the VZ of
ectopic Shh-expressing embryos compared to controls, while abundant
BrdU+ cells accumulated in the SVZ (Figs. S5C,D,E). This result suggests
that Shh-N enhances the transition fromVZ progenitors toDlx2+ IPCs in
the LGE. However, cell cycle exit index for the SVZ in the LGE was not
affected, suggesting that ectopic Shh expression in VZ by the electro-
poration may be not enough to affect Dlx2+ IPCs in the LGE.
Conditional inactivation of Ptch1 during the late gestational stage
Our observations suggest that endogenous Shh may modulate
development of IPCs in the cortex, while enhancing the transition
from VZ progenitors to IPCs in the LGE during late gestation. We
therefore questioned whether endogenous Ptch1 could mediate these
actions of Shh during the development of IPCs by examining the
phenotype caused by conditional inactivation of Ptch1 function on the
VZ progenitors from E13.5 to E18.5 (Ellis et al., 2003). To inactivate
Ptch1 function we mis-expressed cre-recombinase in the VZ progeni-
tors by injection of adenovirus (Adex-cre) into the lateral ventricle of
the Ptch1lox/− telencephalon. All injection experiments were performed
using ex-utero surgery at E13.5, and allowing the embryos to develop
until E18.5. Because VZ progenitors face into the lateral ventricle, these
cells are infected with Adex-cre with high efﬁciency (Hashimoto and
Mikoshiba, 2003, 2004). As a control we injected Adex-cre into the
lateral ventricle of Ptch1lox/+ embryos at E13.5. Brains with Ptch1
conditional inactivation showed a thinner and wider cortex, a smaller
GE, and expanded lateral ventricles; control brains were not affected
(Fig. 4A-b″). Intriguingly, we observed ubiquitous GAD67 and Dlx2
mRNA expression in the SVZ of the cortex with Ptch1 conditional
inactivation (Figs. 4C-d′,E-f′), suggesting induction of ventralized IPCs in
the cortex. In contrast, Dlx2 expression in the LGE was signiﬁcantly
reduced by Ptch1 inactivation (Figs. 4E,F,e″,f″), and Nkx2.1 expression
was induced in both the LGE and cortex, which is normally expressed in
MGE and preoptic area progenitors (Fig. 4G-h″). The ectopic GAD67 and
Dlx2 expression in the mutant cortex suggest that endogenous Ptch1 is
required by cortical VZ progenitors to suppress Shh signaling to inhibit
their ventral cell type speciﬁcation, even during late gestational stages.
Reduced Dlx2 expression by Ptch1 inactivation in the LGE suggests that
Ptch1may play a role inmaintenance ofDlx2+ IPCs proliferation in LGE
(Figs. 4e″, f″).
Next we examined the proliferation of VZ progenitors and IPCs in
Ptch1 conditional mutant brains. We checked the cell cycle exit index
in the VZ and SVZ during E17-18 with or without conditional Ptch1
inactivation. Interestingly, a high cell cycle exit index was detected in
the cortical VZ of the conditional mutants, suggesting that Ptch1
inactivation efﬁciently abolished progenitor self-renewal in the VZ
(Figs. 4I,J,M,N,Q). In contrast, the ectopically generated Dlx2+ cells in
the SVZ showed a signiﬁcantly higher mitotic activity in theconditional mutants (Figs. 4I,J,M,N,R). Ptch1 inactivation might
therefore convert the VZ progenitors into mitotic Dlx2+ cells,
consistent with the response of cortical VZ progenitors to ‘high-
level’ ectopic Shh protein, which generated mitotic Dlx2+ cells and
reduced Hes5+ cells (Figs. 2L,Q,R, S4). This ﬁnding may be also
consistent with those by Oh and colleagues showing that Shh
promotes terminal differentiation at the expense of proliferation in
the early neural tube (Oh et al., 2009). Endogenous Ptch1 may
mediate Shh signaling to propagate VZ progenitors into IPCs even at a
late gestational stage.
The number of mitotic progenitors in the LGE of the conditional
mutants was reduced, in line with the reduced Dlx2 expression,
although the cell cycle exit index was not affected (Figs. 3K,L,O,P,S).
Together with the increased Dlx2+ cells in Shh−/−; Gli3+/− mutants,
our results suggest that Shh signaling could participate in the
transition from Dlx2+ IPCs to post-mitotic neurons in the LGE. Thus,
endogenous Ptch1 might maintain the self-renewal capacity of the VZ
progenitors both in the cortex and LGE at late gestation. Ptch1 is
clearly also required in VZ progenitors for continuous monitoring of
Shh signaling even during the late gestational stages.
Abnormal telencephalon in Ptch1mes/− embryos
Next, we examinedwhether Ptch1mediates Shh signaling at lower
doses to modulate the development of IPCs. For this, we used the
mesenchymal dysplasia (mes) mutant mouse strain (Sweet et al.,
1996), expressing a spontaneous and viable allele of Ptch1, in which
the C-terminal domain (CTD) is truncated (Makino et al., 2001;
Nieuwenhuis et al., 2007). Although both Ptch1+/mes and Ptch1+/−
embryos show no abnormality, Ptch1mes/− compound heterozygous
embryos show lethality around birth with malformations in cranio-
facial, bone, limb, and skin development (Makino et al., 2001;
Nieuwenhuis et al., 2007). In Ptch1mes/− mutants Shh signal appears
to be slightly upregulated by the single gene copy of Ptch1 producing a
truncated C-terminal domain (CTD), because the enhanced Gli3+/−
mutant phenotype in Gli3+/−; Ptch1mes/−mutants and the suppressed
Gli2−/− phenotype in Gli2−/−; Ptch1mes/− mutants (Figs. S6, S7).
However, the effects on neural developmentmore generally remained
unclear.
We observed slightlymore ﬂoor plate cells at E9.5 in the Ptch1mes/−
than in wild-type embryos (Figs. 5A–E), and in line with this, Nkx2.1
expression revealed an expanded MGE in the mutant embryos
(Figs. 5H, I). The cortex of the Ptch1mes/− telencephalon showed
Pax6 expression without ectopic development of the ventral cell type
at E15.5 (Figs. 5F,G), but it was almost two times wider and thinner
than in the wild-type telencephalon (Figs. 5J,K). The mutant GE was
also slightly wider and thinner than those in wild types (Figs. 5J,K).
Analysis of proliferation of the Ptch1mes/− brain showed accumulated
PCNA+mitotic cells in the apical layer of both the thinner cortex and
LGE (Figs. 5L–O). The BrdU labeling index of the mutant brain
decreased from E15.5–17.5 (Figs. 5T,U) and the cell cycle exit index of
the mutants was increased at E17.5 in both the cortex and LGE
(Figs. 5P–S,V,W). These observations suggest that transition from VZ
progenitors to post-mitotic cells via IPCs is affected in the Ptch1mes/−
brains from E15–16.
To determine whether hypomorphic Ptch1 results in the abnormal
transition fromVZ progenitors to IPCs, we examined the percentage of
BrdU+ Tbr2+ IPCs among Tbr2+ IPCs after survival of 24 h post-
BrdU injection. The BrdU+ Tbr2+ IPCs contain two groups of Tbr2+
cells, the ﬁrst group of them is derived from the VZ cells within 24
hours and the second is labeled mitotic IPCs in SVZ within 24 hours
post-BrdU injection. Interestingly, we observed higher percentage of
BrdU+Tbr2+ cells in the Ptch1mes/− cortex (Figs. 6A–C). This result
suggests that an enhanced transition from VZ progenitor to IPC state
or enhanced proliferation of IPCs in SVZ. We also observed upregula-
tion of both Mash1 and Dlx2 in the mutant LGE at E15.5, suggesting
Fig. 4. Conditional inactivation of Ptch1 during the late gestational stage. (A-b″) HE staining shows a thinner cortex and smaller LGE with expanded lateral ventricle after Adex-cre
injection into the Ptch1lox/− brain (A,B). The VZ and SVZ in the cortex (arrowhead in A,B) and the LGE (arrows in A,B) are shown at higher magniﬁcation (a′–b″). Conditional Ptch1
inactivation induces ectopic GAD67 (C,c′,D,d′) and Dlx2 mRNA in the cortex (E,e′,F,f′). Dlx2 in the LGE was reduced in the conditional mutants (E,e″,F,f″). Some Nkx2.1+ cells were
induced in the cortex (H, arrows in h′) and LGE (H, arrows in h″) of the conditional mutants, while no Nkx2.1+ cells were apparent in the control cortex and LGE (G,g′,g″).
Immunohistochemistry for Ki67 (red) and BrdU (green) in the E18.5 telencephalon. The cells labeled only with BrdU (BrdU+ Ki67-, no longer dividing) 24 h after the pulse label,
weremore abundant in themutant VZ comparedwith BrdU+Ki67+cells (white, re-entered cell cycle) (M,N,Q).Most of the inducedDlx2+cells in themutant SVZweremitotic (J,N,R). In
themutant LGE, proliferation both in the VZ and SVZwas reduced (P), while cell cycle exit indexwas not affected (K,L,O,P,S). The positions indicated by the arrowhead (cortex) and arrow
(LGE) in (A–H) are for counting Ki67 and BrdU+ cells. Ctx, cortex; HE, hematoxylin and eosin; LGE, lateral ganglionic eminence; SVZ, subventricular zone; VZ, ventricular zone. Scale bar:
500 μm in (A–H); 50 μm in (a′–h″, I–P).
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LGE (Figs. 6D–K). This enhanced transition to IPCs could lead to fewer
renewable VZ progenitors at a later stage. As expected, we found a
signiﬁcant reduction in the renewable progenitor markers, Hes5 and
L-fringe, in the VZ of the LGE in the mutant embryos (Figs. 6L–O) and
the number of ventral IPCs was also decreased at E17.5 in the mutants
(Figs. 6P–S). Together, these observations suggest that the upregula-
tion of Shh signaling by hypomorphic Ptch1 function enhances the
transition from VZ progenitor to the IPC state at an earlier stage than
occurs during normal development.
These ﬁndings led us to examine whether hypomorphic Ptch1
function also enhances proliferation of VZ progenitors or IPCs in
Ptch1mes/−mutants.We isolated cells frommutant andwild-type brains
at E14.5 and allowed them to form neurospheres in vitro. Compared to
the wild-type brains, there was an approximate 2 to 3-fold and 3-foldincrease in number of primary spheres in the Ptch1mes/− cortex and LGE,
respectively (Fig. 6T). This indicates higher numbers of VZ progenitors
or IPCs in the mutant brain, as both renewable VZ progenitors and IPCs
form neurospheres. Intriguingly, after one passage of the primary
spheres, secondary sphere formation activity of the wild-type LGE
progenitors was higher than those of the mutants (Fig. 6T), as was the
tertiary sphere formation activity of the wild-type cortical progenitors
(Fig. 6T). These results suggest that bothmutant cortex and LGE contain
fewer renewable VZ progenitors, resulting in less sphere formation after
several passages (Fig. 6T). The increased primary sphere formation from
the mutant brains may be due to a higher IPC content, as shown by
increased numbers of Ki67+Tbr2+ IPCs in themutant cortex (Figs. 6A,
B,C) andmoreMash1+ andDlx2+cells in themutant LGE (Figs. 6D–K).
These ﬁndings implicate an essential role for endogenous Ptch1 in VZ
progenitors for the maintenance of their self-renewal capacity by
Fig. 5. Impaired brain development in Ptch1mes/− embryos. (A– E) whole mount immunohistochemistry using anti-FoxA2 antibody showing the expanded ﬂoor plate in Ptch1mes/−
embryos (P=0.002). The coronal sections (C,D) are from the lines in (A,B) and show higher FoxA2 protein expression in the mutants (B,D). Arrow indicates ﬂoor plate and arrowhead
indicates the boundary of the ﬂoor plate (C,D). (F–I) section in situhybridization for Pax6 (F,G) andNkx2.1mRNAexpression (H,I) showing the expandedmutant cortex andMGE at E15.5.
(J,K) quantitative analyses of the width of the cortex and LGE and thickness of the cortex at E17.5. (L–S) immunohistochemistry of PCNA (brown), BrdU (green), and Ki67 (red) showing
abnormal proliferation in the Ptch1mes/− telencephalon.Mutant PCNA+cells accumulated on the apical side of the cortex and LGE (M,O),while themitotic cells werewidely distributed in
thewild type (L,N). TheBrdU+cells labeled for 24 hwere fewer in themutant at the later stages (Q,S,T,U). The cell cycle exit index revealed that thepost-mitotic cell populationwas larger
in the mutant brain at later stages (P–S,V,W). Ctx, cortex; fp, ﬂoor plate; MGE, medial ganglionic eminence. Scale bar: 400 μm in (I); 50 μm in (D, S).
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from VZ progenitors to the IPC state even during the late gestational
stages.
Discussion
In this study we showed that Ptch1-mediated Shh signaling plays
important roles in the development of the telencephalon during late
gestation (Fig. 7). In the cortex, Shh signaling may enhance the
transition from Hes5+ VZ progenitors to the mitotic Tbr2+ IPCs. Inaddition Shh also may be involved in the activation of proliferation of
Tbr2+ IPCs in SVZ (Fig. 7A). Cortical VZ progenitors at late gestation
(E13.5–E15.5) are still competent to response to Shh signaling for
changing progenitor identity with respect to ventral character (Fig. 7B).
In the LGE, Shh secreted from MGE might enhance the transition from
VZ progenitors to Dlx2+ IPCs in SVZ. The Shh signal may be involved in
the terminal differentiation of Dlx2+ IPCs in the LGE (Fig. 7C). Our
observations suggest an important role for endogenousShhandPtch1 in
maintaining proper neural cell number and identity in the cortex and
LGE during neurogenesis at late gestation.
Fig. 6. Enhanced transition from VZ progenitor to the IPCs state in the Ptch1mes/− telencephalon. (A−C) more BrdU+ Tbr2+ IPCs are observed in the Ptch1mes/− cortex by
immunohistochemical staining of BrdU (magenta) and Tbr2 (green). Percentages of BrdU/Tbr2 double-positive (BrdU+ Tbr2+) cells among Tbr2+ cells are counted after a survival
of 24 h post-BrdU injection. Note more BrdU+ Tbr2+ IPCs are observed in the Ptch1mes/− cortex (Pb0.0001) (C). (D–K) section in situ hybridization revealed upregulation ofMash1
and Dlx2 expression in the mutant LGE at E15.5. The VZ and SVZ in the LGE (arrowhead in D,E,H,I) are shown at higher magniﬁcation (F,G,J,K). In contrast, the Hes5+, L-fringe+,
Mash1+ and Dlx2+ cells were reduced in the mutants at E17.5 (L–S). (T) neural sphere culture experiments indicated an enhanced differentiation in the Ptch1mes/− telencephalon.
An increased number of primary spheres formed from progenitors isolated from the mutant telencephalon. Note the larger number and size of the wild-type spheres compared to
the mutants after tertiary sphere formation in the cortex, and after secondary sphere formation in the LGE (T). Ctx, cortex; LGE, lateral ganglionic eminence; SVZ, subventricular
zone; VZ, ventricular zone. Scale: 50 μm in (B, S).
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proliferation during brain development depending on the context.
Our present results implicate two important roles for Shh signaling in
the late gestational stages. The ﬁrst is to enhance transitioning from
Hes5+ VZ progenitors to the IPC state and the second is to promote
proliferation of IPCs in SVZ. Indeed, upregulating Shh in our system
enhanced transition from VZ progenitors to IPCs both in the cortex
and LGE of developing brain (Figs. 2–6). Using electroporation to
induce high-dose upregulation of Shh signaling, we showed the
induction of Dlx2+ cells in the cortical SVZ, while the cortex of Ptch1
conditional mutants also accumulated abundant Dlx2+ IPCs, suggest-ing that endogenous Ptch1 mediates the Shh signal at high doses
(Figs. 2–4). Thus, in both experiments, upregulation of Shh signal
enhances transition from VZ progenitors to the IPCs with ventral
character. These results are consistent with the Ptch1−/− neural plate
showing excessive speciﬁcation of ventral cell types, such as ﬂoor
plate cells, motor neurons, and V3 interneurons (Goodrich et al., 1997;
Motoyama et al., 2003). Furthermore, ectopic expression of Shh
protein at low doses resulted in the generation of moremitotic Tbr2+
IPCs, suggesting that endogenous Shh signal at low doses may
promote proliferation of IPCs in SVZ (Figs. 2, 3). Endogenous Ptch1
appears to be a mediator for the Shh signal at low doses as well,
Fig. 7. Schematic of Shh signaling during neural progenitor development. (A) cortical VZ
progenitors (red; Hes5+ Ki67+) differentiate into postmitotic Tbr2+ cells (red; Tbr2+)
via mitotic IPCs (red; Tbr2+Ki67+) in SVZ. ‘Low-level’ Shh signaling may enhance the
transition from the VZ progenitors (red; Hes5+Ki67+) to the mitotic IPCs (red; Tbr2+
Ki67+) (A). It may activate proliferation of the mitotic IPCs (red; Tbr2+Ki67+) (A). (B)
cortical VZ progenitors at late gestational stage are still competent to respond to ‘high-
level’ ectopic Shh signaling for changing progenitor identity with respect to ventral
character (green; Dlx2+ Ki67+). ‘High-level’ ectopic Shh signaling could also activate
proliferation of ectopically induced Dlx2+ IPCs in the cortex (green, Dlx2+ Ki67+) (B).
(C) in the LGE ‘high-level’ Shh secreted from MGE might enhance the transition from VZ
progenitors (green; Hes5+ Ki67+) to IPCs (green; Dlx2+ Ki67+) and postmitotic
neurons (C). Ctx, cortex; LGE, lateral ganglionic eminence; SVZ, subventricular zone; VZ,
ventricular zone.
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sition from VZ progenitors to mitotic IPCs both in the cortex and LGE
(Figs. 5, 6). Thus, Ptch1-mediated dose-dependent actions of Shh
protein might enhance transition from VZ progenitors to both cortical
and basal IPCs, which is consistent with the reported actions of Shh
protein secreted from the notochord and ﬂoor plate in inducing a
wide variety of ventral cell types during spinal cord development
(Chiang et al., 1996; Marti et al., 1995a; Roelink et al., 1995). Cortical
VZ progenitors at a late gestational stage are still competent to
respond to ‘high- and low-level’ Shh signaling and can be regulated
during the production of both dorsal and ventral cell types. In other
words, Ptch1 is required by cortical VZ progenitors to maintain their
undifferentiated state and block any change in progenitor identity
with respect to ventral character. It is therefore likely that the
endogenous Shh signaling, mediated by Ptch1, regulates the balance
between progenitor renewal and transition from cortical VZ progeni-
tors into IPCs in vivo. Alternatively, the effects of manipulating the
pathway could have an indirect effect on the cortex such that Shh
signaling in ventral tissues controls the production of other non-
autonomous signals that inﬂuence the cortex. Further studies are
necessary to identify the endogenous source of Shh during cortex
development, and to understand the different molecular mechanisms
underlying the response to low-dosage Shh signaling during the
development of cortical VZ progenitors and IPCs.Our results indicate that the responses of Hes5+ dorsal progeni-
tors to the effects of Shh signaling during late gestation are different
from those observed at E9.5 or 10.5. No enhancement of proliferation
of Hes5+ cortical progenitors was seen in this study in response to
Shh signaling, which contrasts with previous ﬁndings in the dorsal
spinal cord at E10.5 (Rowitch et al., 1999). Upregulated Shh-signaling
in the dorsal neural tube (around E10.5) results in increased
proliferation of undifferentiated neural progenitors, whereas upregu-
lation of Shh signaling in the cortex at E13.5 enhances transition from
Hes5+ VZ progenitors to IPCs and also activates proliferation of the
IPCs in the cortex (Figs. 2, 6). This temporal discrepancy in the
response to the action of Shhmay be consistent with stage-dependent
roles ofWnt signaling in telencephalon development.Wnt signaling is
an essential activator for maintenance of renewable VZ progenitors in
parallel with progenitor differentiation (Viti et al., 2003; Woodhead
et al., 2006; Zhou et al., 2006). Hirabayashi et al. (2004) showed that
activation of Wnt signaling promoted proliferation of Hes5+ pro-
genitors isolated from the E10.5 cortex, while it promoted transition
from the Hes5+ VZ progenitors to IPCs in E13.5 cortex preparations,
suggesting that the response of VZ progenitors to the Wnt pathway
depends on the developmental stage (Hirabayashi et al., 2004). Thus,
both Wnt and Shh signaling activates proliferation of the VZ
progenitors at the early stage and promotes proliferation of the IPCs
at the late gestational stage. Further analyses are required to under-
stand the molecular basis of such temporal differences that result in
the different responses of neural progenitors to the effects of Shh and
Wnt signaling cascades.
The molecular mechanism mediating the effects of low-level Shh
signaling is one of the most important remaining issues in our
understanding of cortical neurogenesis. Activator forms of Gli3
(Gli3A) may mediate Shh signaling during the development of cortical
IPCs.Gli3 is also strongly expressed in theVZ and cortical development is
severely affected in Gli3−/− telencephalon (Dahmane et al., 2001; Theil
et al., 1999). Furthermore, Gli3 is required for cortical neural
differentiation in a cell autonomous manner (Quinn et al., 2009), and
repressor forms of Gli3 (Gli3R), which are generated in the absence of
Hh signaling, inhibit Wnt signaling (Ulloa et al., 2007). Shh signaling in
the cortex might therefore activate Wnt signaling by inhibiting Gli3R
formation, resulting in the activation of VZ progenitor differentiation in
a late gestational stage. About the source of Shh protein during cortical
development, Komada recently showed Shh protein expression in
Cajal–Retzius neurons andGABAergic interneurons at E13.5 (Komada et
al., 2008). These cells could have important roles as the source of Shh
protein during cortical development. Identiﬁcation of the source of Shh
protein and mechanism of Shh signal transduction in cortical VZ
progenitors and IPCs may help us understand what regulates the
development of cortical neural progenitor cells.
Unraveling the involvement of Shh signaling in cortical develop-
ment could provide important insights into the pathogenesis of
microcephaly caused by abnormal Shh signaling. Combinations of
human SHH mutations and other factors may impair corticogenesis,
resulting in microcephaly among heterozygous SHH patients. Envi-
ronmental factors such as oxidative stress can potentially impair Shh
expression (Aoto et al., 2008; Cohen and Shiota, 2002; Sulik et al.,
1981; Webster, 1983). In drastic contrast, heterozygous Shh mouse
mutants appear normal, while SHH heterozygous humans display the
wide variety of HPE pathologies with microcephaly (Chiang et al.,
1996), suggesting that the level of SHH protein expressed by one copy
of the SHH gene is not sufﬁcient to prevent HPE caused by other
factors during human development. Environmental factors may
potentially interfere with ‘low-level’ Shh signaling to impair the
cortical development. Understanding the precise physiological role of
Shh signaling during brain development is clearly essential for our
understanding of the molecular mechanisms underlying human brain
defects caused by genetic and environmental factors that interfere
with Shh signaling.
158 Y. Shikata et al. / Developmental Biology 349 (2011) 147–159Supplementarymaterials related to this article can be found online
at doi:10.1016/j.ydbio.2010.10.014.Acknowledgments
We thank Drs. P Chambon, C-C Hui, AL Joyner, AP McMahon, MP
Scott, and P Soriano for providing reagents. The authors declare that
they have no competing ﬁnancial interests.
References
Ahn, S., Joyner, A.L., 2004. Dynamic changes in the response of cells to positive
hedgehog signaling during mouse limb patterning. Cell 118, 505–516.
Ahn, S., Joyner, A.L., 2005. In vivo analysis of quiescent adult neural stem cells
responding to Sonic hedgehog. Nature 437, 894–897.
Aoto, K., Shikata, Y., Higashiyama, D., Shiota, K., Motoyama, J., 2008. Fetal ethanol
exposure activates protein kinase A and impairs Shh expression in prechordal
mesendoderm cells in the pathogenesis of holoprosencephaly. Birth Defects Res.
Clin. Mol. Teratol. 82, 224–231.
Aoto, K., Shikata, Y., Imai, H., Matsumaru, D., Tokunaga, T., Shioda, S., Yamada, G.,
Motoyama, J., 2009. Mouse Shh is required for prechordal plate maintenance
during brain and craniofacial morphogenesis. Dev. Biol. 327, 106–120.
Asada, H., Kawamura, Y., Maruyama, K., Kume, H., Ding, R.G., Kanbara, N., Kuzume, H.,
Sanbo, M., Yagi, T., Obata, K., 1997. Cleft palate and decreased brain gamma-
aminobutyric acid in mice lacking the 67-kDa isoform of glutamic acid
decarboxylase. Proc. Natl Acad. Sci. USA 94, 6496–6499.
Belloni, E., Muenke, M., Roessler, E., Traverso, G., Siegel-Bartelt, J., Frumkin, A., Mitchell,
H.F., Donis-Keller, H., Helms, C., Hing, A.V., Heng, H.H., Koop, B., Martindale, D.,
Rommens, J.M., Tsui, L.C., Scherer, S.W., 1996. Identiﬁcation of Sonic hedgehog as a
candidate gene responsible for holoprosencephaly. Nat. Genet. 14, 353–356.
Chiang, C., Litingtung, Y., Lee, E., Young, K.E., Corden, J.L., Westphal, H., Beachy, P.A.,
1996. Cyclopia and defective axial patterning in mice lacking Sonic hedgehog gene
function. Nature 383, 407–413.
Chiasson, B.J., Tropepe, V., Morshead, C.M., van der Kooy, D., 1999. Adult mammalian
forebrain ependymal and subependymal cells demonstrate proliferative potential,
but only subependymal cells have neural stem cell characteristics. J. Neurosci. 19,
4462–4471.
Cohen Jr., M.M., Shiota, K., 2002. Teratogenesis of holoprosencephaly. Am. J. Med. Genet.
109, 1–15.
Dahmane, N., Sanchez, P., Gitton, Y., Palma, V., Sun, T., Beyna, M., Weiner, H., Ruiz i
Altaba, A., 2001. The Sonic Hedgehog-Gli pathway regulates dorsal brain growth
and tumorigenesis. Development 128, 5201–5212.
Ding, Q., Motoyama, J., Gasca, S., Mo, R., Sasaki, H., Rossant, J., Hui, C.C., 1998. Diminished
Sonic hedgehog signaling and lack of ﬂoor plate differentiation in Gli2 mutant mice.
Development 125, 2533–2543.
Echelard, Y., Epstein, D.J., St-Jacques, B., Shen, L., Mohler, J., McMahon, J.A., McMahon, A.P.,
1993. Sonic hedgehog, a member of a family of putative signaling molecules, is
implicated in the regulation of CNS polarity. Cell 75, 1417–1430.
Ellis, T., Smyth, I., Riley, E., Graham, S., Elliot, K., Narang, M., Kay, G.F., Wicking, C.,
Wainwright, B., 2003. Patched 1 conditional null allele in mice. Genesis 36,
158–161.
Goodrich, L.V., Johnson, R.L., Milenkovic, L., McMahon, J.A., Scott, M.P., 1996.
Conservation of the hedgehog/patched signaling pathway from ﬂies to mice:
induction of a mouse patched gene by Hedgehog. Genes Dev. 10, 301–312.
Goodrich, L.V., Milenković, L., Higgins, K.M., Scott, M.P., 1997. Altered neural cell fates
and medulloblastoma in mouse patched mutants. Science 277, 1109–1113.
Grindley, J.C., Davidson, D.R., Hill, R.E., 1995. The role of Pax-6 in eye and nasal
development. Development 121, 1433–1442.
Gulacsi, A., Lillien, L., 2003. Sonic hedgehog and bone morphogenetic protein regulate
interneuron development from dorsal telencephalic progenitors in vitro. J. Neurosci.
23, 9862–9872.
Haraguchi, R., Motoyama, J., Sasaki, H., Satoh, Y., Miyagawa, S., Nakagata, N., Moon, A.,
Yamada, G., 2007. Molecular analysis of coordinated bladder and urogenital organ
formation by Hedgehog signaling. Development 134, 525–533.
Hashimoto, M., Mikoshiba, K., 2003. Mediolateral compartmentalization of the
cerebellum is determined on the “birth date” of Purkinje cells. J. Neurosci. 23,
11342–11351.
Hashimoto, M., Mikoshiba, K., 2004. Neuronal birthdate-speciﬁc gene transfer with
adenoviral vectors. J. Neurosci. 24, 286–296.
Hirabayashi, Y., Itoh, Y., Tabata, H., Nakajima, K., Akiyama, T., Masuyama, N., Gotoh, Y.,
2004. The Wnt/beta-catenin pathway directs neuronal differentiation of cortical
neural precursor cells. Development 131, 2791–2801.
Ishii, Y., Nakamura, S., Osumi, N., 2000. Demarcation of early mammalian cortical
development by differential expression of fringe genes. Brain Res. Dev. Brain Res.
119, 307–320.
Kohtz, J.D., Baker, D.P., Corte, G., Fishell, G., 1998. Regionalization within the
mammalian telencephalon is mediated by changes in responsiveness to Sonic
Hedgehog. Development 125, 5079–5089.
Kohtz, J.D., Lee, H.Y., Gaiano, N., Segal, J., Ng, E., Larson, T., Baker, D.P., Garber, E.A.,
Williams, K.P., Fishell, G., 2001. N-terminal fatty-acylation of sonic hedgehogenhances the induction of rodent ventral forebrain neurons. Development 128,
2351–2363.
Komada, M., Saitsu, H., Kinboshi, M., Miura, T., Shiota, K., Ishibashi, M., 2008. Hedgehog
signaling is involved in development of the neocortex. Development 135,
2717–2727.
Li, M., Indra, A.K., Warot, X., Brocard, J., Messaddeq, N., Kato, S., Metzger, D., Chambon,
P., 2000. Skin abnormalities generated by temporally controlled RXRalpha
mutations in mouse epidermis. Nature 407, 633–636.
Machold, R., Hayashi, S., Rutlin, M., Muzumdar, M.D., Nery, S., Corbin, J.G., Gritli-Linde,
A., Dellovade, T., Porter, J.A., Rubin, L.L., Dudek, H., McMahon, A.P., Fishell, G., 2003.
Sonic hedgehog is required for progenitor cell maintenance in telencephalic stem
cell niches. Neuron 39, 937–950.
Makino, S., Masuya, H., Ishijima, J., Yada, Y., Shiroishi, T., 2001. A spontaneous
mouse mutation, mesenchymal dysplasia (mes), is caused by a deletion of the
most C-terminal cytoplasmic domain of patched (ptc). Dev. Biol. 239, 95–106.
Marti, E., Bumcrot, D.A., Takada, R., McMahon, A.P., 1995a. Requirement of 19 K form of
Sonic hedgehog for induction of distinct ventral cell types in CNS explants. Nature
375, 322–325.
Marti, E., Takada, R., Bumcrot, D.A., Sasaki, H., McMahon, A.P., 1995b. Distribution of
Sonic hedgehog peptides in the developing chick andmouse embryo. Development
121, 2537–2547.
Milenkovic, L., Goodrich, L.V., Higgins, K.M., Scott, M.P., 1999. Mouse patched1 controls
body size determination and limb patterning. Development 126, 4431–4440.
Motoyama, J., Milenkovic, L., Iwama, M., Shikata, Y., Scott, M.P., Hui, C.C., 2003.
Differential requirement for Gli2 and Gli3 in ventral neural cell fate speciﬁcation.
Dev. Biol. 259, 150–161.
Nieuwenhuis, E., Barnﬁeld, P.C., Makino, S., Hui, C.C., 2007. Epidermal hyperplasia
and expansion of the interfollicular stem cell compartment in mutant mice with a
C-terminal truncation of Patched1. Dev. Biol. 308, 547–560.
Niwa, H., Yamamura, K., Miyazaki, J., 1991. Efﬁcient selection for high-expression
transfectants with a novel eukaryotic vector. Gene 108, 193–199.
Oh, S., Huang, X., Liu, J., Litingtung, Y., Chiang, C., 2009. Shh and Gli3 activities are required
for timely generation of motor neuron progenitors. Dev. Biol. 331, 261–269.
Ohsawa, R., Ohtsuka, T., Kageyama, R., 2005. Mash1 and Math3 are required for
development of branchiomotor neurons and maintenance of neural progenitors.
J. Neurosci. 25, 5857–5865.
Palma, V., Ruiz i Altaba, A., 2004. Hedgehog-GLI signaling regulates the behavior of cells
with stem cell properties in the developing neocortex. Development 131, 337–345.
Porteus, M.H., Bulfone, A., Ciaranello, R.D., Rubenstein, J.L., 1991. Isolation and
characterization of a novel cDNA clone encoding a homeodomain that is
developmentally regulated in the ventral forebrain. Neuron 7, 221–229.
Quinn, J.C., Molinek, M., Mason, J.O., Price, D.J., 2009. Gli3 is required autonomously for
dorsal telencephalic cells to adopt appropriate fates during embryonic forebrain
development. Dev. Biol. 327, 204–215.
Rallu, M., Machold, R., Gaiano, N., Corbin, J.G., McMahon, A.P., Fishell, G., 2002.
Dorsoventral patterning is established in the telencephalon of mutants lacking
both Gli3 and Hedgehog signaling. Development 129, 4963–4974.
Rash, B.G., Grove, E.A., 2007. Patterning the dorsal telencephalon: a role for sonic
hedgehog? J. Neurosci. 27, 11595–11603.
Reynolds, B.A., Weiss, S., 1996. Clonal and population analyses demonstrate that an
EGF-responsive mammalian embryonic CNS precursor is a stem cell. Dev. Biol. 175,
1–13.
Roelink, H., Porter, J.A., Chiang, C., Tanabe, Y., Chang, D.T., Beachy, P.A., Jessell, T.M.,
1995. Floor plate and motor neuron induction by different concentrations of the
amino-terminal cleavage product of sonic hedgehog autoproteolysis. Cell 81,
445–455.
Roessler, E., Belloni, E., Gaudenz, K., Jay, P., Berta, P., Scherer, S.W., Tsui, L.C., Muenke, M.,
1996. Mutations in the human Sonic Hedgehog gene cause holoprosencephaly. Nat.
Genet. 14, 357–360.
Rowitch, D.H., S-Jacques, B., Lee, S.M., Flax, J.D., Snyder, E.Y., McMahon, A.P., 1999. Sonic
hedgehog regulates proliferation and inhibits differentiation of CNS precursor cells.
J. Neurosci. 19, 8954–8965.
Sasai, Y., Kageyama, R., Tagawa, Y., Shigemoto, R., Nakanishi, S., 1992. Two mammalian
helix-loop-helix factors structurally related to Drosophila hairy and Enhancer of
split. Genes Dev. 6, 2620–2634.
Sasaki, H., Hui, C., Nakafuku, M., Kondoh, H., 1997. A binding site for Gli proteins is
essential for HNF-3beta ﬂoor plate enhancer activity in transgenics and can
respond to Shh in vitro. Development 124, 1313–1322.
Sessa, A., Mao, C.A., Hadjantonakis, A.K., Klein, W.H., Broccoli, V., 2008. Tbr2 directs
conversion of radial glia into basal precursors and guides neuronal ampliﬁcation by
indirect neurogenesis in the developing neocortex. Neuron 60, 56–69.
Shimamura, K., Hartigan, D.J., Martinez, S., Puelles, L., Rubenstein, J.L., 1995.
Longitudinal organization of the anterior neural plate and neural tube. Develop-
ment 121, 3923–3933.
Soriano, P., 1999. Generalized lacZ expression with the ROSA26 Cre reporter strain. Nat.
Genet. 21, 70–71.
St-Jacques, B., Dassule, H.R., Karavanova, I., Botchkarev, V.A., Li, J., Danielian, P.S.,
McMahon, J.A., Lewis, P.M., Paus, R., McMahon, A.P., 1998. Sonic hedgehog signaling
is essential for hair development. Curr. Biol. 8, 1058–1068.
Sulik, K.K., Johnston, M.C., Webb, M.A., 1981. Fetal alcohol syndrome: embryogenesis in
a mouse model. Science 214, 936–938.
Sweet, H.O., Bronson, R.T., Donahue, L.R., Davisson, M.T., 1996. Mesenchymal dysplasia:
a recessive mutation on chromosome 13 of the mouse. J. Hered. 87, 87–95.
Tabata, H., Nakajima, K., 2001. Efﬁcient in utero gene transfer system to the developing
mouse brain using electroporation: visualization of neuronal migration in the
developing cortex. Neuroscience 103, 865–872.
159Y. Shikata et al. / Developmental Biology 349 (2011) 147–159Theil, T., Alvarez-Bolado, G., Walter, A., Ruther, U., 1999. Gli3 is required for Emx gene
expression during dorsal telencephalon development. Development 126, 3561–3571.
Thibert, C., Teillet, M.A., Lapointe, F., Mazelin, L., Le Douarin, N.M., Mehlen, P., 2003.
Inhibition of neuroepithelial patched-induced apoptosis by sonic hedgehog.
Science 301, 843–846.
Ulloa, F., Itasaki, N., Briscoe, J., 2007. Inhibitory Gli3 activity negatively regulates Wnt/
beta-catenin signaling. Curr. Biol. 17, 545–550.
Vescovi, A.L., Snyder, E.Y., 1999. Establishment and properties of neural stem cell
clones: plasticity in vitro and in vivo. Brain Pathol. 9, 569–598.
Viti, J., Gulacsi, A., Lillien, L., 2003.Wnt regulation of progenitormaturation in the cortex
depends on Shh or ﬁbroblast growth factor 2. J. Neurosci. 23, 5919–5927.
Webster, A.J., 1983. Environmental stress and the physiology, performance and health
of ruminants. J. Anim. Sci. 57, 1584–1593.Wechsler-Reya, R.J., Scott, M.P., 1999. Control of neuronal precursor proliferation in the
cerebellum by Sonic Hedgehog. Neuron 22, 103–114.
Woodhead, G.J., Mutch, C.A., Olson, E.C., Chenn, A., 2006. Cell-autonomous beta-catenin
signaling regulates cortical precursor proliferation. J. Neurosci. 26, 12620–12630.
Xu, Q., Wonders, C.P., Anderson, S.A., 2005. Sonic hedgehog maintains the identity of
cortical interneuron progenitors in the ventral telencephalon. Development 132,
4987–4998.
Yu, W., Wang, Y., McDonnell, K., Stephen, D., Bai, C.B., 2009. Patterning of ventral
telencephalon requires positive function of Gli transcription factors. Dev. Biol. 334,
264–275.
Zhou, C.J., Borello, U., Rubenstein, J.L., Pleasure, S.J., 2006. Neuronal production and
precursor proliferation defects in the neocortex of mice with loss of function in the
canonical Wnt signaling pathway. Neuroscience 142, 1119–1131.
